Abstract. Glioma is an aggressive form of brain cancer that occurs following the abnormal proliferation of glial cells. Although glioma cannot spread to other organs, the morbidity and mortality rates of the disease are high, even following surgery, radiotherapy and chemotherapy. The function of Egl-9 family hypoxia-inducible factor 3 (Egln3) in cancer is controversial, and it is debated as to whether Egln3 positively or negatively regulates tumors. In the present study, a mouse model of low-grade glioma was successfully established. Through the use of immunohistochemical and western blot analyses, it was demonstrated that Egln3 expression in glioma tissue performed an important role in regulation by amplifying the signals for apoptosis, as determined by an increase in DNA fragments. Furthermore, Egln3 expression was inhibited by the administration of dimethyloxalylglycine, and the downregulated expression of Egln3 had marked effects on the regulation of glioma through apoptosis. The present study therefore provides evidence of an association between Egln3 expression and apoptosis in low-grade glioma.
Introduction
The central nervous system is comprised of the brain and the spinal cord, which regulate the majority of bodily functions. Glioma arises as a result of abnormal glial cell proliferation resulting in the formation of an aggressive mass; this occurs most frequently in the brain and less commonly in the spinal cord. Patients with aggressive forms of glioma have an average survival time of 15 months (1,2). Treatment for the disease consists of surgery, in addition to radiation or chemotherapy, and usually only prolongs patient survival for a few more months (3) . Early-stage glioma rapidly develops into the advanced stages of disease, due to an invasive nature and fast growth that is associated with a vigorous pattern of intra-tumor blood vessel formation (4) . Other complications of glioma are associated with the stage and treatment of the tumor, with efficacy often depending on the location of the tumor within the brain (5, 6) . Surgical dissection of the malignancy is not recommended if it has developed within an important structure of the brain. Despite large improvements in microsurgical procedures and the increased availability of advanced chemotherapy, the improvement to patient survival has been controversial. Therefore, detailed investigation is required to establish the underlying mechanisms of glioma pathogenesis and identify novel therapeutic approaches to treat glioma (7) .
The Egl-9 family hypoxia-inducible factor (Egln) hydroxylases, including Egln1, Egln2 and Egln3, are proteins that are associated with the oxygen-sensing pathway, and are also involved in the proline hydroxylation of specific targets (8) (9) (10) (11) . As the hydroxylation reaction requires molecular oxygen (12) , any changes in oxygen requirement are monitored through an oxygen sensing pathway. When this pathway is disturbed, it becomes associated with different forms of cancer (13) (14) (15) . Egln3 was identified to be an α-subunit hydroxylase for hypoxia-inducible factors (Hifs) in an O 2 -dependent manner, triggering their proteasomal degradation to retract tumor progression (16) (17) (18) . Additionally, Egln3 exhibits a high affinity for Hif-2α (19), a protein that regulates genes associated with cell proliferation, angiogenesis and cell metabolism (16, 20, 21) . The upregulation of Hif-2α is also associated with proapoptotic activity (22) . However, the role of Egln hydroxylases in cancer biology is poorly understood, with two varying hypotheses currently presented; one suggesting that they function as tumor suppressors and the other favoring their contribution towards tumor aggressiveness (23) (24) (25) (26) (27) (28) .
The present study developed a mouse model of glioma and investigated the function of Egln3 by analyzing its expression in the presence and absence of an Egln3 inhibitor within the context of apoptosis.
under laboratory conditions. The work plan and protocol for the present study were approved by the institutional ethical committee of West China Hospital of Sichuan University (Chengdu, China). Following regular supervision for 1 week, active healthy mice were selected for further procedures. The mice were anesthetized and located in the Lab Standard™ Stereotaxic Instrument (Stoelting Co., Wood Dale, IL, USA) in a position that allowed easy access for cerebral cortex injection. The mice were then injected intracranially with 1 µl C6 rat glioma cells (30,000 cells; Sigma-Aldrich, St. Louis, MO, USA), to deliver the cells to the cerebral cortex as previously described (29) . Following injection, 1 mg doxycycline was administered to the mice via food for 28 days. The mice that demonstrated glioma symptoms were then sacrificed for further analysis. For Egln3 suppression, the mice that developed glioma were intraperitoneally injected with dimethyloxalylglycine (DMOG) in a 50 µg/g of body weight concentration, and samples were dissected 72 h post-DMOG injection. The experiment was designed so that all the mice were scarified on day 30.
Western blot analysis. The tissue samples from the normal, glioma-induced and Egln3-suppressed mice were dissected and cell lysates were prepared. The cellular proteins were resolved in 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Sigma-Aldrich) at 60 V for 5 h, following the previously described protocol (30) . Subsequent to membrane blocking, the mice were probed with the Egln3 antibody (catalog no., MA5-16144; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at a dilution of 1:500 or cell death-inducing DFF-like effector A (CAD) antibody (catalog no., C7852; Sigma-Aldrich) at a diluted concentration of 1:5,000. The membranes were then incubated with a rabbit anti-mouse immunoglobulin G (catalog no. ab97043; Abcam, Cambridge, UK) secondary antibody at a dilution of 1:5,000, and was further developed with alkaline phosphatase chromogen (BCIP/NBT; Abcam) obtain the signal.
Immunohistochemistry. For the immunohistochemical analysis of the dissected brain tissues, the samples were initially fixed in 10% formalin and processed. The paraffin-embedded samples were sliced into 6-µm sections and mounted onto glass slides. Following deparaffinization with xylene, the samples were hydrated and incubated with freshly prepared 10% H 2 O 2 and 10% methanol in 1X phosphate-buffered saline (PBS) for 30 min. Following the PBS wash, the tissue sections were incubated with 0.1% trypsin in 0.1% CaCl 2 at 37˚C for 10 min. Subsequently, the sections were incubated at 4˚C with the primary anti-Egln3 antibody overnight. Following 3 extensive washes with 1X PBS, the samples were incubated with the suitable secondary antibody (dilution, 1:5,000) for 45 min at room temperature. Finally, subsequent to washing the sections, the primary antibody was detected using the DAB Substrate kit (Abcam). For the visualization of individual cells, the samples were counter-stained with Ehrlich's hematoxylin (Thermo Fisher Scientific, Inc.).
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. Apoptotic cells exhibit characteristic DNA fragments that are identified using TUNEL assay (31).
The end labeling of DNA fragments was conducted by incorporating 5-bromo-2'-deoxyuridine (Brdu), a thymidine analogue, to the 3'-ends of the DNA strands. The incorporated Brdu in the apoptotic cells was then identified using the monoclonal mouse anti-all Brdu antibody (catalog no., 05-633; EMD Millipore, Billerica, MA, USA) following staining with the DAB Substrate kit (Abcam).
Results
Effective initiation of glioma in mice. The mice that were injected with the rat glioma cells, as aforementioned, were scarified on day 30, and the glioma tissue was bisected. The control and the dissected glioma tissue were then subjected to histological analysis aiming to understand the nature of the cell arrangement and identify any abnormalities. The histological brain sectioning of the control and glioma tissue are presented in Fig. 1A and B . By comparing the normal and glioma-induced brain tissue, well-distinguishable features were observed. The normal brain was characterized by a uniform cellular pattern (Fig. 1A) , whereas a proliferative mass of cells with wide variation among samples was observed in glioma tissue (Fig. 1B) .
Role of Egln3 in glioma tissue.
In order to investigate the function of Egln3 in the regulation of glioma growth, a mouse model system was successfully developed with early-stage glioma (Fig. 1B) . The normal and glioma tissues were subjected to immunohistochemical analysis to study the apoptosis signal (determined by the brown color produced by the DAB Substrate kit), in addition to assess the association between Egln3 and apoptosis signals (Fig. 2) . It was observed, during the initial stages of glioma, that the host exhibited increased expression of Egln3 (Fig. 2E) , which acted as a resistance mechanism to regulate glioma, when compared with the normal tissue, which demonstrated lower expression (Fig. 2D) . Additional evidence of Egln3 expression came from the increased apoptotic signals observed in the glioma tissue (Fig. 2B) when compared with the controls ( Fig. 2A and D) .
To analyze the regulative role of Egln3 in early-stage glioma, the Egln3 inhibitor DMOG was used to investigate the apoptosis signal response. The apoptosis signal was measured by the intensity of the brown staining. As presented in Fig. 2F , the inhibitor effectively suppressed Egln3 expression, and was associated with a poor apoptotic signal and a higher proliferative mass of cells (Fig. 2C) . The results confirm that Egln3 positively regulates early-stage glioma by triggering apoptotic signals in abnormal cells.
Validation of the results using western blotting. Western blot analysis was used to evaluate the expression of Egln3 and the apoptotic signals (assessed in the normal brain and glioma tissue) based on the observed intensity of anti-CAD bands, and also to cross-check the results obtained from immunohistochemistry. The results from western blotting using the anti-Egln3 and anti-CAD antibodies are presented in Fig. 3 . Upregulation of the apoptotic signal with increasing expression of Egln3 was observed, and in the presence of the Egln3 inhibitor, there was a marked difference in the expression pattern of the apoptotic signal and Egln3. 
Discussion
The Egln3 protein is unregulated in numerous types of human cancer, including pancreatic cancer (32) and glioblastoma (27) . The function of Egln3 is dependent on prolyl hydroxylase activity through which it hydroxylates a number of targets, including Hif-2α (19) and other α subunits of Hif, larger subunits of RNA polymerase II, pyruvate kinase M2 and β2-adrenergic receptors (11, 14, (33) (34) (35) (36) . In addition to the prolyl hydroxylase-dependent activity of Egln3, studies have reported the hydroxylase-independent activity of Egln3 in regulating the nuclear factor-κB pathway (37) . However, the function of Egln3 in carcinogenesis and its biological function have yet to be fully elucidated. At present, the role of Egln3 in cancer is under debate, with one theory suggesting that it may function as a tumor suppressor, whilst another proposes that it may promote tumor aggressiveness (23) (24) (25) (26) (27) (28) . In the present study, an association was observed between Egln3 expression and apoptosis. A glioma mouse model was successfully developed through the injection of rat glioma cells, which are easily identifiable during histological analysis, into a sample of mice. The dose of rat glioma cells that were injected into the mice was reduced from the standard dose of 50,000 to 30,000 glioma cells/µl so that slow-growing glioma could form prior to day 30 (29) . Reliable data was obtained from immunohistochemical analysis and demonstrated that Egln3 expression in glioma is associated with apoptotic signals. Furthermore, it was also observed that the Egln3 inhibitor caused a marked decrease in the apoptotic signaling of the glioma tissue. Analysis of the results indicated that the Egln3 suppression contributed to a poor apoptotic signal and reduced regulation of the glioma, therefore resulting in a higher proliferative cell mass. The data obtained was cross-checked by western blot analysis, which demonstrated consistent results.
In conclusion, the present study successfully developed a mouse model of the initial stage of low-grade glioma at day 30 post-injection. Using this model system, the role of the Egln3 protein in glioma tissue was studied, and it was observed that Egln3 expression in glioma is associated with positive regulation through the induction of apoptosis. The continued investigation into this pathological condition may improve our understanding of the mechanisms underlying glioma and may assist with the development of novel therapeutics required to treat patients with this disease.
